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Abstract
Integral composite hinges are a new technology that have been developed by Common Fibers.
Little to no research or literature exists on the specific technology. Furthermore, all previous
attempts at quantifying the mechanical properties of the hinge have failed to produce consistent,
reproducible results. Currently, the hinges are being implemented in bifold wallets. Another
possible application for these hinges is foldable skis. These hinges would replace the aluminum
locking cam hinge that is currently being utilized in the skis in order to reduce weight and
increase flexural strength, durability, and fatigue life of the hinge incorporated in the ski. The
proposed replacement integral composite hinge is 1.5 mm thick and has a stacking sequence of
[0 / +45 / -45 / 0]s . Skis experience bending loads in use; ASTM standard F780 specifies that
bend testing is the way to determine linear deformation and breaking strength of skis. Samples
that best replicated the ski at and around the hinge underwent both four-point and three-point
bend testing. It was established that these samples must be able to consistently withstand a load
of at least 600 lbf, but preferably 800 lbf. Consistent results were not obtained for these samples.
Some samples met the minimum load requirement while most others did not.

Keywords: Composite, Hinge, Mechanical Properties, Foldable Skis, Strength, Four-Point Bend
Testing, Three-Point Bend Testing, Bending Loads, Materials Engineering
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1. Introduction
A 0.5 mm integral composite hinge is currently being implemented in wallets, but if sufficient
mechanical data can be obtained, the hinge can be utilized for other industries. One application
currently being investigated for integral composite hinge implementation is foldable skis.1
Mountain Approach, a company located in Ketchum, Idaho, has developed a ski that can be
folded to fit into a backpack for easy transport up the mountain slopes. The current ski hinge is
an aluminum and fiberglass locking cam hinge with polyvinyl chloride (PVC) coated cables
aiding in folding the hinge. The ski itself is made of a Paulownia wood core wrapped in
fiberglass with steel edging.2 A 1.5 mm integral composite hinge with a [0 / +45 / -45 / 0]s
stacking sequence for each laminate is proposed as a replacement for the current hinge
technology in order to reduce weight and increase flexural strength, durability, and fatigue life of
the hinge incorporated ski. This specific orientation is being tested as it is assumed to work the
best as a replacement for the current hinge technology. Mountain Approach has specified that
hinge incorporated ski must withstand at minimum 600 lbf in bending, but preferably withstand
800 lbf.
1.1 Composites
An engineering composite consists of two constituent materials, a fiber and a matrix, between
which is a true interface. Combining the fiber and matrix yields properties that are not seen in
either of the constituent materials alone. The fiber is the principal structural, load-bearing
component. The main functions of the matrix are to keep the fibers in the correct location and
orientation, protect the fibers from the environment, and transfer the load from the matrix to the
fibers. When a fiber breaks, the load is redistributed amongst the remaining fibers with each fiber
carrying more load. Fiber reinforced polymers (FRPs) are the most common type of composites;
carbon and glass fibers are the primary commercially utilized fibers. Structural composites
typically come in the form of laminates. Laminates are formed from thin layers of fibers and
matrix called laminas. The fibers in each lamina are specifically oriented; the fibers can be
discontinuous or continuous but are most frequently the latter. The way each lamina is stacked
within the laminate affects the mechanical properties of the overall laminate. Composites
demonstrate superior mechanical properties to metals. The strength and modulus of the fibers are
high, while the density is low. Thus, composites have high strength-to-weight and modulus-toweight ratios especially compared to much denser materials such as steel. Composites also
demonstrate high fatigue strength and fatigue damage tolerance. Another difference between
composites and metals is that metals tend to be isotropic but composites are orthotropic.
Orthotropic materials possess different properties in two or three perpendicular planes (Figure 1).
For example, the tensile strength of a unidirectionally-oriented composite is maximum in the
longitudinal direction of the fiber but minimum in the direction transverse to the fibers. While
this may limit the applications for composites, laminates can be designed to tailor their properties
for a specific application.3
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Figure 1: Graphic of an orthotropic unidirectional composite lamina showing how properties differ in three
perpendicular planes.3

1.1.1 Carbon Fiber
Carbon fiber is a commonly utilized fiber in FRPs. The carbon within the fibers is in the form of
graphite; carbon atoms in graphite arrange into two-dimensional hexagonal planes. Carbon atoms
within the plane are covalently bonded while the bonding between the graphitic planes is van der
Waals bonding. Thus, the in-plane bonding is much stronger than the out-of-plane bonding. The
elastic modulus of a material is highly dependent on the strength of bonds. Therefore, alignment
of the graphitic planes parallel to the fiber axis yields a high elastic modulus.
Most carbon fibers are produced from either the polymer, polyacrylonitrile (PAN), or a
petroleum pitch precursor. PAN is more commonly used due to its superior compressive and
tensile properties and carbon yield. Carbon fiber is produced by pyrolysis of PAN through a
series of steps: stabilization, carbonization, and graphitization.4 PAN has randomly oriented
carbon nitrogen (CN) groups on both sides of the polymer chain. Before stabilization, a solution
of PAN is wet spun into filaments. The filaments are then stretched at elevated temperatures in
order to align the polymer chains along the filament direction. After stretching, stabilization is
performed by heating the filaments in air at 200-300°C for a few hours. The effect of
2

stabilization is to combine CN groups located on the same side of the polymer chain, to form a
more stable rigid ladder structure and to oxidize some of the CH2 groups. After stabilization, the
PAN filaments are carbonized at 1000-2000°C in an inert atmosphere without an applied stress
to eliminate any non-carbon components; the result is a filament containing about 90% carbon.
The filaments after carbonization still have relatively low elastic moduli due to the carbon atoms
in neighboring planes not being properly ordered. In the final step, graphitization, the filaments
are heated at or above 2000°C in order for the carbon atoms to organize into a true graphitic
form. The filaments can be stretched during this process in order to align the graphitic planes
along the filament direction to increase the elastic modulus.3 Carbon fibers also have high
strength and low weight that make them suitable for a variety of applications. Carbon fibers often
come in tows, or groups of parallel fibers.4
1.1.2 Epoxy Resin
Epoxy resin is a thermoset polymer that is used as a matrix material for composites. Epoxy resins
offer a unique combination of properties that do not exist together in other matrix materials.
Properties exhibited by epoxy resins include high strength, low shrinkage, excellent adhesion to
various substrates, effective electrical insulation, and chemical and solvent resistance. Epoxies
easily wet the fibers, do not tend to react with the fiber substrates, and promote a high-fiber-toresin ratio. The properties of epoxy can be modified through the formulation and processing of
the resin; an epoxy consists of a base resin, curatives, and modifiers. Epichlorohydrin is the most
commonly used commercial base for epoxies. Curatives control system stability, cure kinetics,
physical form, glass transition temperature (Tg), mechanical performance, and chemical
resistance.5
Cure kinetics and glass transition temperature are particularly important for epoxy matrices; both
are dependent on the amount of cross-linking. The glass transition temperature is the temperature
at which the polymer chains can slide past each other. Higher degrees of crosslinking are
achieved at higher curing temperatures; therefore, Tg is increased with increased curing
temperatures as crosslinking makes it more difficult for polymer chains to flow. The ability to
manipulate the cure kinetics is an important feature of epoxies. The curing process can be
essentially halted, preventing complete crosslinking, yielding a partially cured B-stage, matrix.
The partially cured pre-impregnated (pre-preg) lamina can be stacked in a specific stacking
sequence, then placed in an autoclave to fully cure. Using pre-preg reduces the amount of time
required to produce a composite laminate by utilizing pre-manufactured lamina to assemble the
laminate. The major disadvantage of using an epoxy matrix is the poor fracture toughness.
Thermoplastic modifiers can be added to combat this. During curing, the thermoplastic forms a
distinct second phase within the matrix which acts to absorb energy and prevent cracking when
the matrix is stressed.5
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1.2 Fracture and Failure Mechanics of Composites
Fracture behavior of materials is determined by the presence and propagation of critical cracks
that induce premature failure of the part. Linear elastic fracture mechanics is utilized for the
study of crack growth in FRPs as it valid for crack growth with either no or small deformation at
the crack tip. Cracks in composites can be caused by manufacturing defects such as microvoids
or ply overlaps or localized damages from in-service loading such as hole-edge delaminations or
subsurface delamination. Damage tolerance is the resistance of a material to the propagation of
cracks produced from localized damage. The long-term life for composite parts is critically
limited by interply delamination. Delamination occurs in the free edges of a laminate where
detrimental interlaminar stresses are produced from a particular stacking sequence. Once
delaminated areas have been produced, they continue to grow when cycled which adversely
affects the mechanical properties. For example, delamination can cause a redistribution of the
stresses within the laminate which can initiate fiber breakage in the primary load-bearing plies,
reducing the strength and fatigue life of the laminate.
Delamination can occur in Mode I - opening or tensile mode of crack propagation, II - sliding
mode or in-plane shear mode of crack propagation, or III - tearing mode or antiplane shear mode
of crack propagation. Limiting initiation and growth of delamination greatly improves damage
tolerance. This can be done by increasing matrix toughness, interleaving, choosing a proper
stacking sequence, interply hybridization, ply termination, or edge modification. The failure of a
laminated composite can be predicted by first calculating the stresses and strains in each lamina.
Then, the lamination theory that determines which lamina will fail first is applied, reduced
lamina stiffness and strength values are designated for the failed lamina, and the stresses and
strains of each remaining lamina are adjusted based on previous lamina failure. This process is
repeated until each lamina has theoretically failed. The fracture process in continuous fiber
laminates is dependent on the laminate type and thickness. As laminate thickness increases, the
thickness constraint from the outer layers prevents ply delamination in the inner layers.3
1.3 Integral Composite Hinges
1.3.1 Common Fibers
Common Fibers is a company based in Kent, Washington that specializes in manufacturing
integral composite hinges. The idea for a composite hinge came after brainstorming uses for
carbon fiber, of which, most required the use of a hinge. Three Cal Poly, San Luis Obispo
students discovered a method to ablate the resin from a carbon fiber reinforced polymer (CFRP)
panel to produce a hinge. This process was patented and a company was born. Originally funded
by a Kickstarter campaign, the company now produces multiple styles of wallets with the
implemented patented CF-LexTM hinge, coasters, and guitar picks for profit, all of which are
made from aerospace quality CFRP in the USA.1
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1.3.2 Manufacturing
An integral CF-LexTM composite hinge is produced in a non-hinged carbon fiber reinforced
polymer CFRP panel. A computer guided CO2 laser is applied to a specific region on the
composite panel to ablate the epoxy resin (Figure 2). This process removes most or all of the
matrix in that region leaving a flexible hinge capable of bending nearly 360°. The hinge is then
covered with a layer of polyurethane to protect the exposed fibers from damage and the
environment while maintaining flexibility in the hinge. Other composite hinge designs involve
several parts and drilling a hole into the composite to place the pin.1 Not only does the hinge
produced by Common Fibers have the advantage of being integral, holes do not have to be
drilled into it in order to install the hinge. Drilling a hole into a composite yields unwanted stress
concentrations and delamination that greatly reduce the fatigue life of the part.6

Figure 2: Laser ablation of a CFRP panel to produce an integral hinge. 1

The production of the integral composite hinge is not without fault. The laser can introduce
notches and surface flaws on the carbon fibers, increasing the flaw density, especially on the
fibers in the outermost layer; the fracture behavior of carbon fiber is directly correlated to the
distribution of surface flaws. The flaws can be considered cracks which continue to propagate
under a load causing premature fiber failure and decreased strength.7 A sacrificial layer of carbon
is placed on the hinge location before the laser is applied to try to combat the problem, but more
flaws are invariably introduced, albeit to a lesser degree. The larger distribution of surface flaws
on the hinge can introduce larger variation in mechanical testing data and decrease the fatigue
life of the hinge. Currently the integral composite hinge technology is being utilized in the
company’s wallets (Figure 3). However, the hinge can possibly be incorporated into aerospace
and automotive components and sporting equipment if sufficient mechanical data is obtained.1
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Figure 3: A Common Fibers wallet with the patented CF-LexTM hinge.1

1.3.3 Previous Senior Projects and Testing
A previous senior project from 2016 focused on determining the shear strength of the integral
composite hinge. The shear strength of the hinges was measured using V-notch rail shear testing.
As V-notch testing is meant to be used on traditional, stiff, unhinged composites, both hinged
and unhinged composites were tested to compare results. Consistent results were obtained for the
unhinged samples but not for the hinged samples. The hinged samples showed splintering
delamination between the hinged and unhinged interface as the mode of failure. The results
indicated that V-notch rail shear testing may not be the correct method to attain accurate,
reproducible data for integral composite hinges.8 Other previous testing has encountered similar
problems. Fatigue testing showed contradictory increases in tensile strength with increased cyclic
loading. Thus, further testing to properly characterize the mechanical properties for the hinge is
merited. 9
1.3.4 Live Hinges
Live polymer hinges have been investigated as a parallel technology to integral composite
hinges; living polymer hinges have an integral uni-body design that does not require the
assembly of multiple parts (Figure 4). Live hinges are generally known for their use in lids for
plastic containers. A live hinge is a thin section of plastic between two bodies of plastic that
allows for rotational movement of 180 degrees and greater; it is commonly produced by injection
molding. These hinges and the bodies they are attached to are able be produced in one step,
eliminating the assembly steps and additional manufacturing steps for the hinge. Polypropylene
(PP) is the material of choice for live hinges as it performs well in the application and is
durable.10 Live hinge durability can be measured by measuring the diameter of the hinge before
and after cyclic loading to assess hinge deterioration.11 Live hinges are meant to last millions of
cycles. However, live hinges do not tolerate loads parallel to the hinge as a door hinge is able to
do.10
6

Figure 4: Examples of live hinges in common products.10

1.4 Application for Integral Composite Hinges in Skis
The basic construction of a backcountry ski consists of a core, composite layers, a plastic skin,
and metal edging.12 A backcountry ski is distinguished from powder and alpine skis by its typical
use. A backcountry ski is mostly used for untracked terrains in the backcountry instead of
groomed runs on mountain resorts. As the skis are carried on the back of the skiers up the slopes,
the skis are much lighter than powder and alpine skis.13 The key element to a backcountry ski is
the core; it determines how a ski flexes. The core is most commonly made from wood. A
wooden core acts like a spring; as the skier puts weight going into the turn, the wood stores
energy which is released when coming out of the turn. This characteristic translates to a more
responsive feel in the ski. A wood core also has a much different stiffness than the fiberglass and
plastic that surrounds it. As such, vibrations are damped providing more stability in the ski.
These properties continue to make wood the core material of choice for skis. Composite layers
are placed on both sides of the wood core. The purpose of the composite layers is to contribute
stiffness in the ski. These layers supply the ski with 50-80% of the overall stiffness. Torsional
and bending stiffness are particularly important when deciding on a composite as skis usually
experience loads in bending or in torsion. Fiberglass accounts for 90% of the composite layers in
skis as it is inexpensive and provides enough stiffness. The composite layer covered core is then
covered with a plastic skin which serves to protect the ski from water intrusion and help it slide
on snow. Metal edging, which is usually made from steel, digs into the snow allowing the skier
to turn and control the ski. The edging is fixed along the sides of the ski.12
Mountain Approach is a company working on revolutionizing backcountry travel; it has
manufactured a backcountry ski that is capable of folding to fit into a backpack. The skis
currently utilize locking cam hinges manufactured from fiberglass filled nylon and cast 535 T5
aluminum. The locking cam shaft mechanism is made 7075 T6, anodized for added strength;
polyvinyl chloride (PVC) cables help with the folding process. The hinge allows the ski to be
folded into three without removing parts in order to prevent loss of parts (Figure 5). The skis are
138 cm long and consist of a Paulownia wood core with cap construction, a fiberglass top layer,
nylon skins, and full wrap steel edges (Figure 6). Paulownia wood is used as it is lightweight,
warp-resistant, and grows from a fast-growing tree making it more sustainable. The entire ski,
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including the bindings, weighs less than 4 lbs. per foot.2 Keeping the weight down is paramount
in that “for every 1 lb. on your foot, it is like carrying an extra 6.4 lb. of weight on your back;”14
the skis must also be easily transported up the slopes in a backpack.2 The skis need to be able to
withstand at least standard load of 600N, according to ASTM standard F780 which provides the
testing methods for linear deformation and breaking strength of alpine skis.15

Figure 5: Mountain Approach ski showing the locking cam hinge and the ski fully folded to fit in the backpack. 2

Figure 6: Cross-sectional schematic of the foldable ski manufactured by Mountain Approach.
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1.5 Bend Testing
1.5.1 Four and Three-Point Bend Testing
Four-point bend testing is used to measure the flexural properties, specifically flexural strength,
of composite samples. A beam of rectangular cross section is placed on two supports and loaded
at two points with loading noses; the span between noses is either one half or one third of the
support span (Figure 7). The beam experiences both shear and normal forces. Shear deflection
can be significant in a composite laminate during bending. To reduce shear components of
bending, a 16:1 span-to-depth ratio is preferable but a larger ratio may be used. In four-point
bending, the maximum axial fiber stress is uniformly distributed between the loading noses. The
inside of the bend experiences compression while the outside experiences tension. Using ASTM
standard D6272, there are two procedures for four-point bend testing materials for samples that
undergo either small deflections or large deflections. Before testing, the rate of crosshead motion
for the loading noses is determined (Equation 1). The sample is deflected until the outer fibers
have ruptured or 5% strain is reached. A load-deflection curve is generated from the test. The
maximum load from this plot can be used to calculate the flexural strength for the sample
(Equation 2). At least five of the same sample should be tested in order to get statistically
significant data.16 Three-point bend testing is also used to measure flexural properties. The
procedure and loading for three-point bend testing is the same as four-point bend testing except
there is only one loading nose which is midway between the support noses (Figure 8). ASTM
standard D790 is the guideline for three-point bend testing procedure. It provides the equations
for rate of crosshead (Equation 3) and modulus of rupture (Equation 4) for three-point bend
testing.

d

d

Figure 7: A typical 4-point bend testing setup.3

9

For load span of one third of the support span
R = 0.185ZL2/d
OR

(1)

For load span of one half of the support span
R = 0.167ZL2/d
Where R is the rate of crosshead motion, L is the support span, d is the depth of the beam, and Z
is the rate of straining on the outer fibers which is equal to 0.01 mm/mm.

For a load span of one third the support span
S = PL/bd2
OR

(2)

For a load span of one half the support span
S = 3PL/4bd2
Where S is the stress in the outer fiber throughout the loading span and P is the load at a given
point on the load-deflection curve.

Figure 8: A typical three-point bend testing setup.18

R = ZL2/6d

(3)

σf = 3PL/2bd2

(4)

10

1.5.3 Flexural Strength
Flexural strength, or modulus of rupture, is determined by the maximum fiber stress on the
outermost fibers of the composite laminate at the moment of failure. In rare instances, the
maximum fiber stress may not occur in the outermost layer of the laminate. Thus, the flexural
strength determined by Equation 2 is only apparent and laminated plate theory should be utilized
for a more accurate value.3 Laminates tend to fail on the tensile side of the sample; however,
flexural strength does not reflect the actual tensile strength of the outer fibers. In fact, the flexural
strength of a laminate is usually greater than its tensile strength. Flexural loading induces a nonuniform stress distribution along the length of the sample while the stress distribution on a
sample under tensile loading is uniform. This means that a smaller volume of the fiber is
subjected to the maximum stress during bend testing than in tensile testing. The probability of
having a critical flaw that leads to premature fracture and reduced strength is lower for a smaller
volume of fiber; thus, flexural strength is generally higher than tensile strength for a composite.
Scatter is observed in the flexural strengths for a composite as there are various distributions of
surface flaws in different fibers. This scatter follows a statistical Weibull distribution.19

2. Procedure
2.1 Four-Point Bend Testing
Samples of several different geometries underwent four-point bend testing using an Instron
mechanical testing system. All the samples had the same basic construction (Figure 9); each
sample had two CFRP plates attached to the integral composite hinge with a two-part epoxy. The
area between the plates directly above the hinge was not epoxied to maintain flexibility in the
hinge. Both the hinge and the CFRP plates were made from Torayca carbon fiber in an 820
epoxy resin matrix and had the same stacking sequence of [0 / +45 / -45 / 0]s. CFRP plates were
used instead of the actual ski materials in an effort to prevent failure outside of the hinge. If a
failure occurs outside of the hinge, then the measured flexural properties are not reflective of the
hinge. Each batch was designed to improve the flexural properties from the previous batch(s)
(Table I). Batch #1 was not riveted while each subsequent batch for four-point testing was
riveted with 1/8 inch steel rivets to try to prevent premature failure in the epoxy interface
between the CFRP plates and the hinged component. All subsequent batches after batch #1 also
had a double laser line hinge instead of a single laser line hinge as this is more representative of
what would be used in the actual ski. A double laser line means the laser is passed over the hinge
twice instead of once (single laser line) to produce a slightly wider hinge.
Before each sample was placed into the fixture, the widths and thicknesses, in millimeters, were
measured. A 16:1 span-to-depth ratio was used for samples that had dimensions that allowed it.
The span for the samples that were able to have a 16:1 ratio was calculated from the largest
thickness value for a particular batch of samples of the same geometry, so that thinner samples
had at least a 16:1 ratio. The span was set at the beginning of each testing session and remained
11

the same for the duration of testing samples of the same geometry. Two batches of samples had
dimensions that did not allow a minimum of this ratio to be used. For batch #1, the span was
calculated from eighty percent of the total length of the samples to provide ten percent overhang
on each side of the support noses. For batch #2, two different spans were utilized. The hinged
component on the bottom of the samples were not the same length as the CFRP plates on top.
For half of the samples, a larger span, which had the support noses on the CFRP plates on top,
was used to maximize the span-to-depth ratio. The other half of these samples had a smaller span
which had the support noses on the bottom integral composite hinge component in order to have
a consistent thickness undergoing bending. The two different spans were used to determine if
better results could be obtained with either span.
The distance between the loading noses was half the support span for all the samples except for
the batch #2 samples that had a smaller span. A larger distance between loading noses was
utilized for these samples as a distance between loading noses of half the span meant that the
loading noses hit the rivets instead of the actual sample. The distance between loading noses was
set before testing and not changed during the testing session for samples of the same span. A
crosshead rate of 1.5 mm/min was employed during testing. Testing was run until failure. For the
first two batches, failure was determined by the Bluehill software at ten percent load drop. For all
the following batches, failure was ascertained at thirty percent load drop. A larger load drop for
determining failure was used in an attempt to prevent false failure readings from the software.

Figure 9: Schematic of the basic construction of a four-point bend testing ski sample.
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Table I: Schematics of Four-Point Bend Test Samples
# of
Samples

Sample Schematic
Batch #1

4

Batch #2, Large Span

5

Batch # 2, Small Span

5

Batch # 3

10

13

# of
Samples

Sample Schematic
Batch #4, Paper Thin Gap

5

Batch #4, Plate Thickness Gap

2

2.2 Three-Point Bend Testing
Samples of only one geometry underwent three-point bend testing using an Instron mechanical
testing system (Table II). Three-point bending was done to ensure that the maximum load was
concentrated at and above the hinge. In the previous four-point bend testing, failures were
occurring outside of the hinge due to the plates contacting each other at the gap and from load
concentration outside of the hinge. The basic construction of the three-point bend test samples
was the same as the four-point bend test samples except for a continuous CFRP plate. Instead of
two CFRP plates on top of the hinged component, one continuous CFRP plate was used. The
continuous plate eliminated the mode of failure caused by the plates contacting each other. The
area directly above the hinge was not epoxied to maintain the flexibility of the hinge during
testing. Before testing commenced, each sample had its width and thickness measured in
millimeters. A 16:1 span-to-depth ratio was utilized. The span was calculated using this ratio and
the largest thickness value amongst the twenty samples to guarantee each sample had a least a
16:1 ratio during testing. The span was set on the fixture and was the same for all the samples.
Each sample was then loaded into the three-point bend fixture. A rate of crosshead of 1.5
mm/min used. Testing was run until failure; failure was determined by the Bluehill software
when the load dropped by thirty percent.
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Table II: Schematic of Three-Point Bend Test Samples
# of Samples

Sample Schematic
Batch #5

20

3. Results
3.1 Four-Point Bend Testing
Bluehill software was utilized to record maximum load and calculate modulus of rupture for
four-point bend testing (Tables III, IV). The modulus of rupture was calculated by the software
using Equation 2 from the measured width, thickness, and maximum load for each sample except
for the smaller span batch #2 samples; for these samples, an equation was generated and used by
the software to calculate the modulus of rupture from the measured values. Load-extension plots
were also generated by the software for each batch of samples of the same geometry and test
geometry (Figures 10-15). The non-riveted batch #1 samples had the most consistent high loads.
However, the highest maximum flexural load for all the four-point bend test samples, 2848.6 N
or 640.4 lbf, was obtained for a riveted batch #3 sample. The riveted samples showed more
modes of failure than the non-riveted samples. This explains why there is more variation in the
data. No samples reached the targeted maximum load of 800 lbf and only a few met the
minimum requirement of 600 lbf. A great deal of scatter in flexural properties was observed
between and amongst different sample and testing geometries. Statistical analysis was not able to
be done due to the range of variables in the samples during testing.
Table III: Maximum Loads and Moduli of Rupture for 4-Point Bend Batch #1 Non-Riveted Samples
Sample Label

Single Line Sample 1
Single Line Sample 2
Single Line Sample 3
Single Line Sample 4

Maximum Flexure Load
(N)
2786.6
2417.0
2124.5
2812.2

(lbf)
626.5
543.4
477.6
632.2
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Modulus of Rupture
(MPa)
163.0
141.1
121.4
167.1

Table IV: Maximum Loads and Moduli of Rupture for 4-Point Bend Riveted Samples
Testing Geometry
and Batch #

Batch #2, Large
Span

Batch #2, Small
Span

Batch #3

Batch #4, Paper
Thin Gap
Batch #4, Plate
Thickness Gap

Sample Label

Riveted Sample 1
Riveted Sample 2
Riveted Sample 3
Riveted Sample 4
Riveted Sample 5
Riveted Sample 6
Riveted Sample 7
Riveted Sample 8
Riveted Sample 9
Riveted Sample 10
Sample 1*
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9
Sample 10
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7

Maximum Flexure Load
(N)
976.0
686.9
1127.3
1221.2
1441.2
1238.5
1572.3
1296.9
1294.8
970.4
10.7*
2848.6
1492.2
1684.8
1945.5
1536.7
2643.0
1268.4
2419.7
1409.6
909.2
1006.6
1424.2
983.3
1133.9
73.0
217.1

* Testing was stopped before failure had occurred in the sample.
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(lbf)
219.4
154.4
253.4
274.5
324.0
278.4
353.5
291.6
291.1
218/2
2.4*
640.4
335.5
378.8
437.4
345.5
594.2
285.1
544.0
316.9
204.4
226.3
320.2
221.1
254.9
16.4
48.8

Modulus of
Rupture (MPa)
81.0
54.6
99.0
102.3
126.1
68.4
94.6
70.2
70.1
57.3
1.1*
229.3
117.3
178.3
173.5
125.0
209.7
117.8
177.7
126.8
84.5
122.4
178.8
109.5
132.7
6.6
19.3

Figure 10: Load-extension plot for batch #1 non-riveted samples from four-point bend testing.

Figure 11: Load-extension plot for large span batch #2 riveted samples from four-point bend testing.

Figure 12: Load-extension plot for small span batch #2 riveted samples from four-point bend testing.
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Figure 13: Load-extension plot for batch #3 riveted samples from four-point bend testing.

Figure 14: Load-extension plot for paper thin gap batch #4 riveted samples from four-point bend testing.

Figure 15: Load-extension plot for plate thickness gap batch #4 riveted samples from four-point bend testing.
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3.2 Three-Point Bend Testing
Bluehill software was utilized to record maximum load and calculate modulus of rupture for
three-point bend testing (Table V). The modulus of rupture was calculated by the software using
Equation 4 from the measured width, thickness, and maximum load for each sample. Loadextension plots were also generated by the software for the samples (Figures 15, 16). The highest
recorded maximum load for three-point bend testing was 2236.5 N or 502.8 lbf. None of the
samples met the minimum load requirement of 600 lbf. Again, a great deal of scatter was
observed in the flexural properties of these samples; statistical analysis also could not be done
due to the number of variables in the samples during testing.

Table V: Maximum Loads and Moduli of Rupture for Batch #5 Three-Point Bend Samples
Sample Label

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9
Sample 10
Sample 11
Sample 12
Sample 13
Sample 14
Sample 15
Sample 16
Sample 17
Sample 18
Sample 19
Sample 20

Maximum Flexure Load

(N)

(lbf)

1245.6
1880.1
898.3
2221.7
2147.2
1769.2
1893.4
1257.0
2032.3
1959.3
1676.1
2236.5
2191.6
920.0
1383.2
2175.0
1129.4
2155.7
1117.0
1580.2

280.0
422.7
201.9
499.5
482.7
397.7
425.7
282.6
456.9
440.5
376.8
502.8
492.7
206.8
311.0
489.0
253.9
484.6
251.1
355.2
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Modulus of Rupture
(MPa)

186.9
286.9
139.5
342.2
329.9
258.2
288.8
197.0
307.9
271.9
255.0
331.7
335.0
134.3
185.0
332.7
169.0
342.7
170.2
229.0

Figure 16: Load-extension plot for three-point bend tested samples.

Figure 17: Load-extension plot for three-point bend tested samples.

4. Discussion
4.1 Four-Point Bend Results
Four-point bend testing did not produce consistent, reproducible results. Each successive batch
was designed to improve both the measured mechanical data and the spread of the data (Table
VI). The maximum flexural loads were not reflective of failure in the hinge. In most samples, a
failure outside of the hinge was observed. For the first batch of samples, failure in all the samples
occurred at the epoxy interface between the hinged component and the CFRP plates. The
measured maximum flexural loads were therefore representative of the strength of the 2-part
epoxy between the plates and the hinged component. The small gap in the epoxy in the center of
these samples above the hinge made delamination of the epoxy easier; bending caused the epoxy
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to crack at the gap until the top plate broke from the hinge. All the subsequent batches were
riveted to prevent this type of failure to obtain data from the actual hinge failure. Riveting proved
to be an unsuccessful solution to this problem. Most of the riveted samples exhibited hole-edge
delamination as at least part of the reason for their failure, especially batch #4.
Table VI: Batch Geometry Identification
Batch Name

3 or 4-Point Testing

Gap Size

Riveted or Non-Riveted

Batch #1
Batch #2, Large Span
Batch #2, Small Span
Batch #3
Batch #4, Paper Thin
Gap
Batch #4, Plate
Thickness Gap
Batch #5

4-Point
4-Point
4-Point
4-Point
4-Point

Paper Thin
Paper Thin
Paper Thin
Paper Thin
Paper Thin

Non-Riveted
Riveted
Riveted
Riveted
Riveted

4-Point

Plate Thickness

Riveted

3-Point

Paper Thin

Non-Riveted

Another mode of failure that was observed in most riveted samples was delamination due to the
two plates contacting each other during testing. The angled contact of the plates against each
other pulled the lamina in the laminate apart which caused delamination. Again, this was
particularly observed in batch #4. These samples had thicknesses that were significantly smaller
than all the other samples that were tested. Damage tolerance and delamination are proportional
to the thickness of the laminate. This batch, therefore, was observably more prone to
delamination. Other modes of failure were more specific to sample geometry. Batches #1 and
small span #2 did not have a 16:1 span-to-depth ratio. This ratio is used to eliminate shear
deflection during testing that may cause premature failure. Thus, part of these sample’s
premature failure and low maximum flexural loads could be due to unwanted shear deflection.
The large span batch #2 samples were loaded into the fixture with the bottom support noses in
contact with the upper CFRP plates instead of the hinged component. This meant that only the
CFRP plates were undergoing bending and the hinged component was acting as a fastener
between the plates; the measured maximum loads for these samples are reflective of the CFRP
plates and not the hinge.
The samples in batch #3 were often not level in the fixture and had plates that were not
completely parallel to each other. When a sample is not level in the fixture, one side is contacted
by the loading noses before the other which causes the load distribution to be uneven between
the noses and the load to not be concentrated in the middle of the loading noses. This meant that
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a failure occurred between the loading noses but not in the hinge. The plates did not fully contact
each other in samples that did not have plates that were completely parallel. When the plates do
not contact each other evenly, the load is concentrated on a small area on the hinge leading to
premature failure. The samples in this batch that had the lowest maximum flexural loads
represent the samples that had non-parallel CFRP plates, were not level in the testing fixture, or
were a combination of both. The plate thickness gap batch #4 samples exhibited the lowest
maximum flexural loads. The plates did not contact each other for most of the duration of the
test. The samples flexed considerably during testing (Figure 17). Bend testing requires that the
material being tested is stiff and when the plates were not in contact with each other, the hinge
did not provide the required stiffness for the test to work. The data obtained from these samples
is not indicative of the hinge properties or the CFRP plate properties. For four-point bend test
samples that failed directly above the hinge, it can be assumed that the hinge flexural properties
are higher than the measured flexural properties. It can be inferred that failure occurred in the
sample at the point where the load was concentrated between the two loading noses. If the load
was concentrated directly above the hinge and failure occurred above the hinge, then the
assumption that the flexural properties are higher in the hinge is valid. For samples that did not
fail directly above the hinge, such as the samples that had hole-edge delaminations around the
rivets, this assumption is less valid as the load was not concentrated on the hinge.

Figure 18: Comparison of four-point bend test flexion for batch #4 riveted samples with a paper thin gap and batch
#4 riveted samples with a plate thickness gap. The photo on the left is of a paper thin gap sample. The photo on the
right is of a plate thickness gap sample.

4.2 Three-Point Bend Results
Three-point bend testing did not provide better results than four-point bend testing. None of the
samples met the minimum load requirement. Similar to the four-point bend samples, the threepoint bend samples did not fail in the hinge. Two modes of failure were observed in these
samples. Like the non-riveted four-point bend samples, most of the three-point bend samples
failed at the epoxy interface between the CFRP plate and the hinged component. However, in
general, the maximum flexural loads were lower for the three-point bend samples than for the
non-riveted four-point bend samples. The maximum load obtained for the three-point bend
samples was 2236.5N or 502.8 lbf compared to 2812.6N or 632.3 lbf for the non-riveted four22

point bend samples. The three-point bend samples had a gap in the epoxy between the hinge and
the top plate while the four-point bend samples were epoxied completely except in the gap
between the plates. The larger gap in epoxy in the three-point bend made failure at the epoxy
interface easier than in the four-point non-riveted samples and thus, the maximum loads for the
three-point samples were lower. The higher maximum flexural loads represent samples that
failed in the CFRP plate directly above the hinge. These samples exhibited progressive failure.
This is shown on the load-extension curves as a drop in load, fiber breakage, then load increase
and redistribution of the load amongst the remaining fibers (Figures 15, 16). Since these samples
failed directly above the hinge and not in the actual hinge, it can be assumed that the flexural
properties for the hinge are higher than the measured flexural properties. This assumption can be
made since the maximum load was concentrated in the center on both the plate and the hinge.
5. Conclusions
1. Bend testing did not definitively determine the mechanical properties for an integral composite
hinge for application in a foldable ski. The maximum flexural load and modulus of rupture were
evaluated at failure and failure in the samples occurred outside of the hinge. Thus, the measured
mechanical data is representative of these other modes of failure.
2. For four-point bend testing, the flexural properties for the hinge are most likely higher than the
measured values. In four-point bend testing, the load is usually distributed midway between the
two loading noses. Because of sample geometry, the load may not have been concentrated on the
midpoint on the sample and therefore the hinge. For samples that did not fail directly above the
hinge, it cannot be said with certainty that the flexural properties are higher in the hinge than the
measured properties.
3. In three-point bend testing, the flexural properties for the hinge are higher than the measured
values for samples that failed directly above the hinge in the CFRP plate. The load was
concentrated underneath the loading nose at the midway point directly above the hinge. Because
the samples failed in the plate before the hinge, the flexural properties for the hinge are greater
than the recorded data.

6. Recommendations
Future testing can be split into tests specific to the hinge or for hinges used in specific
applications. A test that would replicate the loads a typical hinge would undergo would most
likely produce better results for the hinge itself. A few types of tests could be used to test the
hinge by itself to try to obtain mechanical properties. One possible test that replicates loads on a
hinge is a tension-torsion test; a hinge typically experiences loads both in tension and torsion.
Another test that could be done is cyclic opening and closing of the hinge under a substantial
load as the hinge would need to be able to withstand repeated opening and closing with an
applied load for a considerable number of cycles. A three-point bend test without the use of a
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stiff CFRP plate attached to the hinge may also be able to test the strength of the hinge. The
hinge would be tested by placing each of the non-hinged sides of the panel in grips to keep the
hinge in tension; the fixture that keeps the hinge in tension would also attach to the support noses
to prevent any movement of the panel during testing. The loading nose would load the hinge in
bending. Only the actual hinged part would flex during testing not the stiff edges of the integral
composite hinge panel.
To continue testing the hinge in application in foldable skis, the samples should be changed. The
samples should not be riveted as riveting exposed the samples to hole-edge delamination as a
mode of failure. The samples that failed in this mode of failure had much lower flexural
properties. The CFRP plate(s) were attached to the integral composite hinge with a 2-part epoxy.
This epoxy was not the same as the epoxy in the CFRP plates. Failure in the non-riveted samples
often occurred in the 2-part epoxy interface. To prevent failure in the epoxy interface, the
integral composite hinge should be layed up into the CFRP plate(s). The layup process should
maintain the flexibility of the hinge so that testing best replicates the hinge in actual application
in foldable skis. The CFRP plates should also be thicker to better replicate the actual thickness of
the ski. As laminate thickness increases, the thickness constraint from the outer layers also
prevents ply delamination in the inner layers. Three or four-point bend testing could be done on
these samples. If three-point bend testing is done, there should be only one continuous plate on
top of the integral composite hinge like the samples tested in three-point bend testing in this
project. If four-point bend testing is done, the two CFRP plates should be wrapped with
fiberglass around the contact area between the plates to prevent the plates from pulling each
other apart during testing.
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